ABSTRACT: The posterior parietal cortex (PPC) is implicated in directing and maintaining visual attention to locations in space. We hypothesized that the PPC also engages other cognitive processes in the transformation of behaviorally relevant visual inputs into appropriate actions, for example, monitoring of multiple locations, selection of responses to locations in space, and monitoring the outcome of response selections. We recorded single cells and local field potentials in the rat PPC during performance on a novel visuospatial attention (VSA) task that requires visually monitoring locations in space in order to make appropriate stimulus-guided locomotor responses. In each trial, rats attended to four locations on the floor of a maze. A randomly chosen location was briefly illuminated. Approach to the correct target location was followed by food reward. We observed that PPC activity correlated with multiple phases of the VSA task, including monitoring for stimulus onset, detection of a target, spatial location of the target, and target choice. A substantial proportion of cells with behavioral correlates were also modulated by outcome of the trial. Our analyses of local field potentials revealed strong oscillatory rhythms in the theta frequency band, and more than a third of PPC neurons were phase locked to theta oscillations. As in other brain regions, theta power correlated with running speed. Peak theta power was higher in superficial layers than deep layers providing evidence against volume conduction from the hippocampus. In addition, theta power was sensitive to the outcome of a choice. Theta power was significantly higher following incorrect choices compared with correct choices, possibly providing a prediction error signal. Our study provides evidence that the rat PPC has multiple roles in the translation of visual information into appropriate behavioral actions. V C 2016 Wiley Periodicals, Inc.
and rats indicate a role for the PPC in navigation, including the representation of routes (Nitz, 2006 (Nitz, , 2009 Rodriguez, 2010; Wilber et al., 2014) . The activity of PPC neurons in rats was reported to correlate with turning direction . Other research supports roles for the PPC in perception and decision-making. Studies in monkeys implicate the PPC in exploratory hand movement and tactile object perception (reviewed in Dijkerman and de Haan, 2007) , and PPC cells of mice in a virtual reality decision task show choice-specific and task-modulated activity patterns (Harvey et al., 2012) . One hypothesis that addresses much of the available data is that the PPC is necessary for planning and executing perceptually guided actions.
Electrophysiological and experimental lesion studies indicate that the rat PPC provides a good animal model of primate posterior parietal function, and indeed, anatomical studies support this view. The PPC is anatomically defined for both rodents and primates (Krieg, 1946; Kolb and Walkey, 1987; Cavada and Goldman-Rakic, 1989a,b; Reep et al., 1994) . Although there are many rodent-primate similarities in corticocortical connections of the PPC, the thalamic input may provide the clearest evidence for connectional homology (Campbell and Hodos, 1970) . In primates, the PPC is reciprocally connected with the pulvinar of the thalamus (Baleydier and Mauguiere, 1977) . In rats, the PPC is reciprocally connected with the lateral posterior nucleus of the thalamus (LPO) (Chandler et al., 1992; Reep et al., 1994) . Importantly, available evidence indicates that the rodent LPO is the functional homolog of the primate pulvinar (Kamishina et al., 2009) .
In the present study, we used a rat model of the PPC to address the hypothesis that, in addition to directing and maintaining visual attention to locations in space, the PPC engages other cognitive processes in the transformation of behaviorally relevant visual inputs into appropriate behavioral actions. We examined neuronal correlates in the rat PPC during performance on a novel visuospatial attention (VSA) task developed from the five-choice serial reaction time task (Carli et al., 1983) . Our VSA task was also designed to probe electrophysiological correlates of other cognitive processes, including perception, action selection, and reward learning. We show that the rat PPC has functions that go beyond stimulus detection and navigation. These functions include monitoring locations in space, selection of appropriate visually guided responses, and monitoring of the outcome of selected actions.
METHODS

Subjects
Subjects were five male Long-Evan rats (Charles Rivers Laboratories, Wilmington, MA). They were individually housed in a temperature-regulated colony maintained on a 12:12 h light: dark cycle. Experiments were carried out in the light phase. All procedures followed the NIH guidelines and were approved by the Brown University animal care and use committee.
Apparatus
The task was run on the Floor Projection Maze, an apparatus that exploits the natural tendency of rats to attend to items located on or close to the ground and permits automated control over visual stimuli (Furtak et al., 2009; Jacobson et al., 2014) . Essentially, the maze is a horizontal rear projection screen positioned to allow back-projection of visual stimuli and to the floor of any shaped arena (Fig. 1A) . The apparatus has a clear Plexiglas subfloor (147.32 3 111.80 3 1.25 cm) covered by Dual Vision Fabric (Da-Lite Screen Company, Warsaw, IN), a unity gain flexible fabric designed for rear screen projection. A thin Plexiglas sheet (0.32 cm) covers the fabric for protection. Visual stimuli were projected onto the unity gain fabric from below the subfloor using a short-throw LCD projector (WT610 projector, NEC Corporation). In this experiment, the arena comprised a linear runway at one end and a fan-shaped region for presentation of stimuli at the other (Fig.  1B) . Food reward (milk with various flavors) was delivered by an automated pump (Med Associates, Inc, St. Albans, VT) to a stainless steel food port located at the end of the runway opposite the fan-shaped presentation region. Auditory stimuli were controlled by an automated auditory stimulus generator (ANL926, Med Associates, Inc.) and delivered through a speaker located above the maze.
The Floor Projection Maze was interfaced with three Windows XP systems, for location tracking, behavioral control, and neuronal data acquisition. A CinePlex V2 Digital Video Recording and Tracking System (Plexon Inc., Dallas, TX) with an Imaging Source TM camera (640 3 480 resolution, 30 frames per sec) was used for tracking animals' location during behavioral performance. A custom Matlab program (Mathworks Inc., Natick, MA) translated XY coordinates from CinePlex into behavioral event flags for online control of behavior using Med Associates (Burlington, VT) software and hardware (MED PC IV software environment, DIG-700P2 PCI Interface Connection Card, a DIG-716P2 Smart Control Output Module). Based on the location of the rat, this system presented stimuli, collected behavioral data, and controlled delivery of reward. A Multichannel Acquisition Processor (MAP, Plexon Inc) and SortClient (Plexon, Inc) recorded realtime neuronal activity and behaviorally relevant event timestamps for later analysis. The MAP system was interfaced with the Med Associates system (DIG-713A SuperPort TTL Input Module and a DIG-726 SuperPort TTL Output module).
Behavioral Training
Rats were put on food schedules to maintain body weight at 85-90% of free feeding weight. After handling for at least 7 days, rats were habituated to the behavioral room for 10 min/ day for three days. Rats were then shaped and trained in the VSA task. In the shaping sessions, rats first were trained in a 30-minute session to approach a visual target stimulus for a food reward (a drop of flavored milk). In the initial shaping The VSA task and estimated location of recorded cells. A. Schematic of the Floor Projection Maze with the fanshaped enclosure used for the task. B. Top down views of a rat in the maze. Trials were initiated when the animal stopped in the ready position (Bi). After a variable period, the target location was briefly illuminated (Bii). The animal made a selection by approaching one of the four locations (Biii), and then returned to the food port for a food reward (Biv). C. Estimated location of recorded posterior parietal cells in coronal sections between 23.60 and 24.50 mm relative to bregma. D. Example paths during performance of correct trials for two rats. Position data were from eight correct trials of two well-trained rats. Different colors represent task-relevant behavioral durations: ready position is black, after stimulus onset is red (light grey), approach for signal a choice is orange (dark grey), after making a choice is blue (middle grey), and approach to reward is green (open circles). [Color figure can be viewed at wileyonlinelibrary.com] sessions, we adopted an errorless shaping procedure such that when the rat moved toward one of the four locations, the visual stimulus at that location would illuminate and a tone would signal a correct choice. After this initial shaping phase, rats were trained to stop in the ready position zone located at the end of the stem of the maze facing the fan-shaped area (Fig.  1Bi) . After a variable delay, a visual stimulus would illuminate in one of four randomly chosen locations (Fig. 1Bii ). There was a short response window for rats to approach the location of the visual stimulus (Fig. 1Biii) . Approach to the correct location was signaled by a brief tone (1.5 kHz, 75 dB) and presentation of a drop of flavored milk as a food reward (Fig.  1Biv) . If the rat approached an incorrect location, no reward was given, the trial was terminated, and a new trial was initiated when the rat returned to the stem of the maze and approached the ready position. Rats were gradually trained in a series of steps culminating in the final parameters of the task. The duration for rats to stay in the ready position was gradually increased from 0.1 seconds to 1.2 seconds. Visual stimulus duration was gradually decreased from 20 seconds to 0.5 seconds. The response time window was decreased from 20 seconds to 5 seconds. In the final task, rats were required to stay in the ready position for stimulus onset for a variable interval (0.9-1.2 seconds). A dummy pump was periodically turned on and off during the task so that rats did not associate the sound of the pump with reward.
The behavioral performance criterion for the end of training was 60% accuracy on the VSA task (chance is 25%). Behavior was well controlled on correct trials. Figure 1D shows an example of the path taken on correct trials to each target location. Rats in this study required 2-4 months of training to reach the behavioral criterion on the final stage of the task. When a rat reached criterion for 5 of 7 consecutive days, the hyperdrive was implanted.
Surgery
Animals were premedicated with diazepam (2-5 mg/kg; i.p.), glycopyrrolate (0.05 mg/kg; s.c.), carprofen (5 mg/kg; s.c.), and butorphanol tartrate (0.5 mg/kg; s.c.) to counteract respiratory effects of anesthesia, to control pain, and to decrease risk of seizures. They were brought to a surgical level of anesthesia with isofluorane (1.0-2.5%). Using a stereotaxic apparatus (Kopf, Tujunga, CA), rats were implanted with a Harlan hyperdrive (Neuralynx, Tucson, AZ) into the left dorsal PPC (AP -4.2 mm, ML 1 3.0 mm, DV 2 0.1 mm). The Harlan hyperdrive had eight microdrives, each consisting of a drivable screw with guide tubing containing one tetrode. Tetrodes were made of four 12 lm twisted, formvar-insulated nichrome wires (A-M systems, Sequim, WA). A full turn of the screw advanced the tetrode by 160 lm. Two silver ground wires were wrapped around anchor screws in the skull. The hyperdrive was secured to the skull by the ground screws, small anchor screws, grip cement (Dentsply Caulk, Milford, DE) , and dental cement (Coltene/Whaledent Inc., Cuyahoga Falls, OH). For each rat in the study, the hyperdrive was implanted in the left hemisphere.
Histology
After the last recording session, the rats were deeply anesthetized with an overdose of Beuthanasia-D (100 mg/kg, i.p.) and the final recording site was marked with an electrolytic lesion. The rats were then perfused with normal saline, followed by 4% formalin. The brains were post-fixed for 24 hours in 4% formalin and then transferred to a 30% sucrose solution until the time for sectioning. The brains were sectioned at 40 lm and stained for Nissl material with thionin.
Electrophysiology
Neuronal activity recorded from tetrodes, was amplified with a gain of 20 at the head stage (HST/32V-G20, Plexon, Inc., Dallas, TX). Signals from the preamplifier were then amplified with a gain of 50 (PBX2, Plexon, Inc.). Single-unit activity was filtered between 154-8,800 Hz and LFPs were filtered between 0.7-170 Hz. The signal was then digitized at 40 kHz for single-unit activity and 1 kHz for LFP activity, and further amplified for a total gain of 10,000 (MAP system, Plexon, Inc.). These signals were extracted through real-time thresholding (Sort Client, Plexon, Inc). The final waveforms were stored with timestamps of relevant events and position information for later analysis.
Single Neuron Activity Analysis
Spikes associated with putative individual cells were isolated offline based on waveform characteristics and using a variety of partially automated and manual techniques (Offline Sorter, Plexon, Inc.). To ensure good quality of analyzed units, three raters gave each isolated unit a confidence rating of "Good", "Moderate", or "Poor" quality based on waveform characteristics, amplitude relative to noise, and autocorrelations. Units retained for analysis were rated as "Good" quality by at least two of three independent raters or at least "Moderate" quality by all three raters. Units were identified as putative pyramidal cells or putative interneurons based on the shape of the waveform assessed by spike half-width. The result was a dataset for each cell containing timestamps corresponding to spike times and behaviorally relevant event markers.
Each cell was analyzed for behavioral correlates using factorial analysis of variance (fANOVA). Firing rate was the dependent variable for the fANOVAs. For each neuron, we first computed the mean firing rate (spikes/sec) for each of five epochs on each trial. The five epochs included the following: the prestimulus and poststimulus epochs were the 500 msec periods immediately before and after stimulus onset; the prechoice and postchoice epochs were the 500 msec periods immediately before and after the rat selected a target by approaching the location; and the reward-approach epoch was the first 500 msec after the animal reentered the stem of the maze to collect a food reward. The stimulus event was the onset of the target stimulus (brief illumination of one of the four possible target locations). The choice time event was when the rat entered the zone near a stimulus location such that the rat's head was roughly over the stimulus location. On correct trials, this would be the location in which the target stimulus had appeared. Note that the rat makes the decision which location to choose prior to the choice event, itself. Thus, the choice event signifies the readout of the choice rather than time the decision to choose a particular target was made. Reentry of the stem of the maze triggered the next trial. Rats invariably approached and checked the food port at the base of the stem, even after incorrect trials (Fig. 1Biv) . Although the poststimulus and prechoice epochs could have overlapped in time, latencies were always over one second, and so there was no overlap in time between different epochs.
In the first set of analyses, we examined whether cells signaled the onset of the target stimulus and the choice event, regardless of target location. We also assessed whether selectivity of cells for stimulus onset or choice was modulated by outcome. Finally, we asked whether some cells were selective for outcome during the reward-approach epoch. The dependent variable was firing rate. For stimulus onset, the within trial variable was epoch (prestimulus epoch vs. poststimulus epoch) and the between trial variable was outcome (correct response vs. incorrect response). Similarly, for choice time the within trial variable was epoch (prechoice epoch vs. postchoice epoch) and the between trial variable was outcome. Only outcome was analyzed for the reward-approach epoch. The criteria for analysis were at least 10 complete trials and at least 30 total spikes in the analyzed epochs.
In a second set of analyses, we examined neural correlates associated with the location of the target stimulus. Because of the number of possible target locations and the low numbers of trials, we pooled trials in which the target stimulus was at one of the two left locations and trials in which the target was at one of the two right locations. Location was analyzed separately for the poststimulus, prechoice, and postchoice epochs. The prestimulus and reward-approach epochs were not analyzed for location correlates because there was no information about the location of the target during these two epochs. Criterion for analysis was at least three trials for each of four trial types (Correct-Left, Correct-Right, Incorrect-Left, IncorrectRight) and at least 30 spikes. A fANOVA was computed on the firing rates of each PPC cell meeting the stated criterion. We included outcome as a factor because preliminary analyses indicated some cells showed location selectivity only for correct trials. Thus, between trial variables were choice location (left vs right) and outcome (correct vs incorrect). Location cells were defined as cells that showed a main effect of location or an interaction with location.
One possibility is that location correlates are explained by spatial selectivity or spatial tuning unrelated to task demands. To address this issue, we conducted a place field analysis using the XY coordinates of the animal and spike timestamps for each cell. Prior to the analysis, the occasional missing position coordinates were estimated by averaging the most recent good coordinates with the subsequent good coordinates. For each neuron, a firing rate map was created by calculating the total number of spikes divided by total occupancy time for each pixel. Pixels that were not visited at least three times were eliminated from the analysis. Place fields were defined as at least five adjacent and contiguous pixels in which the firing rate of the cell was 33 greater than the grand mean.
In the final set of single cell analyses, we examined whether neuronal correlates of single units were related to cortical laminar location. Cells were classified as belonging to superficial layers or deep layers. Cells for which the laminar location could not be determined were eliminated from this analysis. A Chi-square test was used to examine the distribution of superficial-and deep layer cells with respect to neuronal correlates.
All analyses were conducted using Offline Sorter (Plexon Inc, Dallas, Texas), NeuroExplorer (Nex Technologies, Littleton, MA), Matlab (Mathworks, Natick, MA), or SPSS (IBM Corporation, Somers, NY). Level of significance for statistical analyses was P < 0.05 unless otherwise noted.
LFP and Phase Locking Analyses
Files were first corrected for an identified issue of time alignment between spike data and field potential data using FPAlignV2 (Plexon, Inc.) (Nelson et al., 2008) . Continuous data (LFPs), timestamps for behaviorally relevant event markers, and spike times were extracted and exported to Matlab (Mathworks, Natick, MA) from Neuroexplorer (NEX, Plexon, Inc.). For analysis of speed, XY coordinates for the animals were collected at a rate of 30Hz. The coordinates were first smoothed using a moving average filter then low pass filtered to remove any jitter caused by reflection against the floor projection maze arena walls. Instantaneous speed was then calculated as the rate of change in position of the pixels.
We used the Chronux toolbox for Matlab (chronux.org) for the multitaper spectral analysis of the LFP. For each session the spectrum was calculated for the entire session and separately for each of the behaviorally relevant epochs used in the single unit analysis. To assess the effect of speed on power, we split the session into 500 ms windows. For each window, we calculated average speed and the power spectra. Power was extracted for theta (6 and 10 Hz) and normalized for comparisons by dividing the power in each epoch by the power of the entire session. Repeated measures analysis was used to assess differences in normalized power across the five epochs and by outcome. Thus epoch and outcome (correct vs. incorrect trial) were within-session variables and speed was the covariate. Because speed was a time-varying covariate, it was necessary to use the linear mixed-effects models procedure in SPSS (MIXED) for these analyses.
For spike-LFP phase relationships, LFP data were filtered for theta (6-10 Hz) using a 4-pole symmetric Butterworth filter. Instantaneous phase was calculated using the Hilbert transform of the filtered signal yielding values ranging from 0 to 3608 (1808 corresponds to the trough), thus providing an indication of the current phase position of the oscillation over time. The instantaneous phase of the LFP at each individual spike time was extracted for each cell. Circular statistics were used to analyze these spike-phase distributions. Significant phase locking was determined using a Rayleigh's Z test, in which the null hypothesis is a uniform distribution of spikes across was uniform at all phases.
RESULTS
Histology
Examination of Nissl-stained coronal brain sections from each of the five animals indicated electrode tips for all but one tetrode were located in PPC between 3.6 and 4.5 mm posterior to bregma and between 2.0 and 4.0 mm lateral to the midline (Fig. 1C) . The remaining tetrode was located in the adjacent visual association cortex. In addition, later recordings were obtained from some tetrodes located in the underlying dorsal hippocampal CA1 cell layer. Cells from visual cortex and hippocampus were not further analyzed.
PPC Cells Were Selective for Stimulus Onset and Predicted Behavioral Outcome
All five animals reached criterion within several weeks. After training, the rats were implanted with eight drivable tetrodes. We isolated a total of 161 units PPC with good quality cluster separation and waveforms. Although all five rats yielded isolated units, for two of the rats, we recorded only seven cells. Thus, we dropped data from those two rats and restricted our analyses to single units recorded from three rats (n's 5 84, 56, and 21). Each cell was recorded for a single session. The mean firing rate for all cells was 3.7 6 0.28 Hz (range, 0.31-22.6 Hz). Of these PPC cells, 134 cells met criteria for analysis for at least one epoch. A substantial number of these criterion cells, 67 (50%), exhibited behavioral correlate(s) during at least one of the task epochs as indicated by main effects or interactions of stimulus onset, target choice time, location, or outcome.
To investigate whether PPC cells signaled onset or detection of visual targets, we analyzed neuronal responses to stimulus onset by comparing firing rates for the 500 ms before with 500 ms after the onset of the target stimulus for correct vs. incorrect trials. The target stimulus was illuminated for 500 ms. A total of 128 cells met the criteria for this analysis (Table 1) . Twenty-nine cells (23%) showed a significant increase or decrease in firing rate associated with stimulus onset. Of these cells, 20 (15.6%) were selective for stimulus only and 9 (7%) were selective for both stimulus and outcome. Most cells increased or decreased soon after stimulus onset. A few cells ramped up during the prestimulus epoch suggesting vigilance, and a few cells increased firing rates after onset, but not until later in the poststimulus epoch, e.g., the cell shown in Figure 2A . This latter category of cells may be signaling detection rather than stimulus onset. Some cells were sensitive to stimulus onset and outcome. As an example of this category, the cell shown in Figure 2B fired more in the prestimulus epoch than the poststimulus epoch when the rat as about to make a correct choice and less in the prestimulus epoch and when the animal was about to make an incorrect choice. (All but one of these cells exhibited a significant interaction between stimulus onset and outcome. The remaining cell showed two main effects, but no interaction.) Of 128 cells, six cells (5%) exhibited a main effect of outcome alone during the peristimulus interval (Fig. 2C) . Those six cells combined with the nine cells that exhibited an interaction with outcome yielded a total of 15 (12%) of 128 cells that fired differentially depending on the outcome of the trial. Importantly, this pattern of results was similar across the two animals from which the most cells were recorded (Table 1 , right two columns). Results for the two animals shown in Table 1 were highly correlated (Pearson r 5 0.89, P < 0.0014 when the "Total" rows were excluded and Pearson r 5 0.98, P < 0.00001 when the "Total" rows were included).
PPC Cells Signaled Target Choice and Behavioral Outcome
The activity of PPC cells also correlated with target choice event. A total of 131 cells met criterion for this analysis. Eight cells (6%) signaled the choice event by firing more during either the prechoice or the postchoice epoch (Table 1 and Fig. 2D ). A total of 11 cells (8%) signaled choice and outcome. Eight of those exhibited an interaction effect showing differential firing patterns depending on whether the animal made a correct vs. an incorrect choice, and three cells displayed main effects of both choice and outcome without a significant interaction. For example, the cell shown in Figure 2E fired more in the prechoice epoch on correct trials and more in the postchoice epoch on incorrect trials. Nine cells (7%) responded to outcome alone during the perichoice interval (Table 1 and Fig. 2F ). Thus, 19 of 131 cells (15%) differentiated pre choice epochs and postchoice epochs, and 20 of 131 cells (15%) displayed differential firing patterns related to behavioral outcome.
For the reward-approach epoch, in which the animal had just reentered the stem of the maze after selecting a target location, 107 cells met the criteria for analysis. Seven cells (7%) displayed selectivity for different outcomes in the rewardapproach epoch (Table 1) . A representative cell, shown in Figure 2G , fired more in correct trials than incorrect trials. Again, the pattern of results was similar across individual animals (Table 1) .
PPC Cells Signaled Left vs. Right Trial Types
We predicted that PPC cells would display selectivity for the location of the target stimulus, as demonstrated by differential firing patterns on left vs. right trials (Fig. 1D) . We analyzed the poststimulus, prechoice, and postchoice epochs because spatial location was relevant during these epochs. As expected, for each epoch we found cells that showed a main effect or interaction with location. In all three epochs the majority of location selective cells showed a main effect of location. Eight of 66 criterion cells (12%) in the poststimulus epoch, 14 of 67 (21%) in the prechoice epoch, and 10 of 68 (15%) in the postchoice epoch showed trial location selectivity as indicated by a significant difference in firing rate between left and right trials (Table 2 ; Fig. 2H-J) . Six of these location cells had significant differences across multiple epochs, so 24 of 68 cells (35%) exhibited location selectivity.
After selecting a target location, rats must necessarily make a turn to return to the stem of the maze for a food reward and/ or to start the next trial. Thus, one possibility is that trial location selectivity during the postchoice epoch was due to some aspect of turning behavior (left turn vs. right turn) as has been previously reported (Chen et al., 1994; McNaughton et al., 1994) . To evaluate whether the activity of the cells that showed location selectivity in the postchoice epoch correlated with turning behavior, we compared neuronal activity for left and right turn trials using a t-test. For eight of ten cells there was no effect of turning behavior (P values > 0.05). One cell showed significantly higher firing to left trials; however, the animal always turned left on left trials. On the right side of the maze, firing rates were not different for right turn trials and left turn trials (t 24 5 1.40, P > 0.05). Again, turning behavior did not account for location selectivity. The last cell had significantly higher firing to right trials. The animal always turned right on right trials. On the left side of the maze, firing rates were not different for right turn trials and left turn trials (t 8 5 2.31, P >0.05). Thus, turning behavior alone did not explain location selectivity.
Another possibility is that overall spatial tuning accounts for location selectivity. To address this issue, we analyzed all PPC neurons (n 5 161) to determine whether task-relevant location selectivity can be explained by task-irrelevant firing fields. Of the 161 cells, eight cells (5%) exhibited spatial firing fields based on established criteria for identifying place fields. When the eight spatially selective cells were compared with the 24 location selective cells, three cells showed both spatial and location selectivity. In one cell, spatial tuning was consistent with location selectivity, but for the other two cells the firing field was inconsistent with location selectivity. Thus, whole session spatial tuning does not account for task-relevant location correlates in our study.
Cells Located in Deep Layers Were More Likely to Signal Stimulus Onset
We examined whether behavioral correlates of PPC cells differed according to laminar position. Results showed that behavioral correlates did not differ for cells located in deep and superficial layers, except for selectivity for stimulus onset (Table  3) . Out of 128 cells that met criteria for the stimulus onset analysis, 97 cells were in superficial layers and 31 cells were in deep layers. Forty-five percent of cells in deep layers were more likely to signal stimulus onset as compared with 22% of cells in superficial layers (v 2 (1) 5 7.504, P < 0.006). This finding is consistent with the anatomical evidence that the deep layers of the PPC receive more inputs from visual areas than do the superficial layers (Miller and Vogt, 1984) . Behavioral correlates did not differ by laminar location for the peri-choice (v 
Summary of PPC Single Unit Correlates
Of the 161 cells recorded, 134 cells met the criterion for analysis in at least one epoch. Of those criterion cells, 67 exhibited Numbers and percentages of cells that displayed a significant main effect of location or/and interaction with location. Six cells had location correlates in multiple epochs, yielding a total of 24 location cells. On the right are percentages of cells from the two rats with the most cells. Shown are percentages of selective cells in superficial and deep layers. In parentheses are the number selective cells and the total number of cells that met criterion. In the Stimulus, Peri-choice, and Reward-approach epochs, selectivity is for any combination of main effects and interactions. Laminar distribution was similar with the exception of stimulus-related selectivity. Cells in deep layers were more likely than cells in superficial layers to exhibit stimulus-related correlates. * (P < 0.01). some type of selectivity in at least one epoch. Of the 67 selective cells, 38 (57%) were selective for outcome in at least one epoch as a main effect and/or interaction. A total of 24 (36%) cells were selective for location in at least one epoch, either as a main effect and/or interaction. Spatial tuning could not account for location selectivity. A total of 29 (43%) cells were selective for stimulus onset, and cells recorded in deep layers were more likely to signal stimulus onset than cells recorded in superficial layers. Finally, 19 (28%) signaled the choice event in the peri-choice, either as a main effect and/or interaction.
Theta Modulates Neuronal Activity in the PPC
Local field potentials were recorded along with single unit data (Fig. 3A) . Examination of neuronal synchrony revealed that a proportion of PPC cells fired in phase to theta. A total of 149 out of 161 cells were analyzed for phase locking to local theta. Twelve cells were not included because LFP. Of the 149 cells, 123 were identified as putative excitatory neurons and 26 were identified as putative interneurons based. Of the 123 excitatory cells, 38 (31%) were significantly phase locked to local theta oscillations (ln of Raleigh's Z). The preferred phase of theta was just prior to the trough of theta (mean phase 5 1768). Of the 20 putative interneurons, 14 (54%) were phase locked to theta and the preferred phase was close to the peak of theta (mean phase 5 128). Example cells and the distribution of phase preferences for excitatory and inhibitory cells are shown in Figure 3B -D.
We also examined modulation of theta power by running speed and task epochs for 40 good quality LFP recordings. In 85% of these sessions, theta power correlated significantly with running speed (Fig. 4A) . To address effects of task epochs, theta power was analyzed by a linear mixed-effects models procedure in which outcome (correct and incorrect) and epoch (prestimulus, poststimulus, prechoice, postchoice, and rewardapproach) were repeated within-session variables and running speed was a time-varying covariate. There was no main effect of outcome on theta power (P > 0.80), but there was a main effect of epoch (F 4,129.229 5 20.21, P < 0.00001), and there was a significant epoch by outcome interaction (F 4,129.229 5 4.654, P < 0.002). Post hoc analyses of the interaction revealed that theta power differed between correct and incorrect outcomes only for two epochs. During the prechoice epoch, controlling for speed, theta power was marginally significantly higher before correct choices compared with incorrect choices (F 1, 60.233 5 6.878, P < 0.055, Bonferonni corrected). During the reward epoch, theta power was significantly higher following incorrect choices compared with correct choices (F 1, 74.781 5 10.046, P < 0.01, Bonferonni corrected). Note that the reward-approach epoch onset occurs when rats enter the stem of the maze and not when they are at the end of the maze consuming a food reward.
An important issue regarding theta oscillations in PPC is whether these oscillations reflect volume conduction from the underlying hippocampal region. Electrodes were lowered after each session, thus we recorded LFPs across both superficial and deep layers (Fig.  4B) . Peak normalized theta power was overall higher in superficial than deep layers of PPC (t 32 5 4.17, P < 0.001), arguing against volume conduction (Fig. 4C,D) . In addition, we observed pairs of significantly phase locked cells recorded simultaneously on the same tetrodes that exhibited very different preferred phases. Of six pairs of cells, three pairs showed phase preferences with offsets of 458, 608, and 1838. Taken together, these results suggest that theta oscillations observed in the PPC are not the result of volume conduction from a neighboring region.
DISCUSSION
In this study, we used a visuospatial attention task with electrophysiology to address hypotheses about PPC function. As expected based on prior studies of signal detection and spatial processing, we found evidence consistent with the view that the PPC is engaged in stimulus-driven attention and in the processing of spatial information. We also found evidence for our hypothesis that the PPC engages multiple cognitive processes in the transformation of behaviorally relevant visual inputs into appropriate actions. In the VSA task, rats are required to monitor multiple locations for a brief presentation of a target stimulus and then to indicate a choice by approaching the correct target location to earn a food reward. We found PPC correlates of visually guided selection of locomotor responses, and we found correlates of choice outcome. In the peristimulus time window, 27% of PPC cells showed selectivity to the stimulus, trial outcome, or both. More than three quarters of these selective cells responded to the stimulus and nearly half signaled whether or not the animal was about to make a correct choice. Similarly, in the perichoice epochs, 21% of PPC cells fired differentially to the perichoice epochs, trial outcome, or both. Two thirds of these selective cells responded in the choice window and over two thirds signaled whether or not the animal was about to make a correct choice. Other studies have found that PPC neuronal activity changes differentially in response to behavioral outcomes in detection and navigation tasks (Broussard et al., 2006; Broussard and Givens, 2010; Harvey et al., FIGURE 4 .
Theta oscillations in the PPC. A. Task-relevant power in the theta frequency band (6-10 Hz). The overall speed-power relationship is shown by light grey rectangles. Vertical error bars are for the normalized power (SEM) over all sessions; horizontal error bars represent variability in speed (SEM) for that epoch. Theta was strongly correlated with running speed. Theta power was obtained for task-relevant epochs, including prestimulus (PreStim), poststimulus (PostStim), prechoice (PreCho), postchoice (PostCho), and reward-approach (RewApp). For the prechoice epoch, theta was marginally significantly higher prior to correct trial outcome. For the reward-approach epoch, theta power was significantly higher following incorrect trials than correct trials. B. Examples of raw theta (light) and filtered theta (black) are shown for superficial and deep PPC layers, respectively. C. Peak normalized theta was higher in LFPs recorded in superficial PPC than in deep PPC. D. Examples of PSDs from recordings in superficial and deep PPC. [Color figure can be viewed at wileyonlinelibrary.com] 2012), but our study is the first to report that PPC neuronal activity correlates with response outcome in a task in which the animal must choose among multiple responses.
Our VSA task is a novel visually guided task that recruits multiple types of attention. As expected, we observed that PPC cells showed a variety of correlates related to attention. Some PPC neurons fired more during the prestimulus epoch when the animal was monitoring locations in which the target stimulus might appear, consistent with vigilance. Other cells increased or decreased firing rates with the onset of the target, suggesting sensory-driven attention. Still others fired later in the stimulus-on epoch. These cells may reflect detection of the stimulus, if the stimulus was not detected immediately at onset. Further, we observed PPC neurons in the stimulus-on epoch that signaled when the target appeared in particular locations. Thus we saw evidence for vigilance, detection, and visuospatial attention.
We also observed evidence that the PPC is important for visually guided actions. Over 35% of criterion cells fired selectively to a particular target location in at least one behavioral epoch (Table 2 ). Some cells signaled the appearance of a target in a particular location and others signaled the choice of a particular location. This latter type of location selectivity could not be explained by the presence of place fields. Location selectivity also could not be explained by turning or self-motion behaviors associated with turning. Overall, spatial tuning assessed by analysis of spatial firing fields in the PPC was relatively weak as has been previously reported (Whitlock et al., 2012) . Based on our study and prior work, we suggest that PPC neuronal activity is better explained as correlating with visually guided behavior rather then purely spatial behavior.
A potential concern is that the behavioral correlates observed in our task do not show the time locked, stimulus-driven responses observed for neurons recorded in sensory cortex, or even some unimodal association regions. Although greater variability in the timing of neuronal responses may be partly explained by the complex functions of a multimodal associational region, the nature of our task likely also contributes. We argue that a complex task allowing free movement of the animal, like our VSA task, is essential for studying complex functions of an associational region like the PPC. Indeed, this approach allowed the examination of neuronal correlates at multiple task-relevant epochs and was critical for testing our hypothesis that the PPC translates visual inputs into appropriate behavioral responses.
Finally, our study provides the first evidence that theta oscillations in the rat PPC are modulated by task demands in a visuospatial attention task. PPC power in the theta frequency band was correlated with running speed, as has been observed in hippocampus and postrhinal cortex (Hinman et al., 2011; Furtak et al., 2012) . Theta power, however, was different across task epochs, even after controlling for speed. During the reward-approach epoch, theta power was significantly higher following incorrect choices than correct choices, consistent with signaling prediction error. A similar finding has been observed in frontal theta in a human EEG study (Cavanagh et al., 2010) and in postrhinal theta in rats (Furtak et al., 2012) . Surprise generated by prediction error is thought to result in enhanced attention and learning. Holland and colleagues have shown that the neural circuitry underlying this enhancement depends on the PPC and its cholinergic inputs (Chiba et al., 1995; Bucci et al., 1998) . The observation that a substantial proportion of PPC cells are phase locked to theta suggests PPC theta as a candidate mechanism for this enhancement. Notably, increased phase locking to theta has been observed in other cortical regions during expectancy, for example, the orbitofrontal cortex (van Wingerden et al., 2010) .
In conclusion, we have shown that, in addition to directing and maintaining visual attention to locations in space, the PPC also engages other cognitive processes to transform behaviorally relevant visual information into appropriate actions. We used a novel visuospatial attention task to provide evidence that the PPC is engaged in monitoring of multiple locations, selection of responses to locations in space, and monitoring the outcome of response selections. PPC cells exhibited correlates of stimulus onset, stimulus detection, target choice, and the outcome of behavioral responses. We also showed that a proportion of PPC cells are phase locked to theta, and that theta power is modulated by trial outcome. These findings are consistent with a role for PPC in top-down control of the translation of perception to action.
